Soták M, Polidarová L, Musílková J, Hock M, Sumová A, Pácha J. Circadian regulation of electrolyte absorption in the rat colon. Am J Physiol Gastrointest Liver Physiol 301: G1066-G1074, 2011. First published September 8, 2011 doi:10.1152/ajpgi.00256.2011The intestinal transport of nutrients exhibits distinct diurnal rhythmicity, and the enterocytes harbor a circadian clock. However, temporal regulation of the genes involved in colonic ion transport, i.e., ion transporters and channels operating in absorption and secretion, remains poorly understood. To address this issue, we assessed the 24-h profiles of expression of genes encoding the sodium pump (subunits Atp1a1 and Atp1b1), channels (␣-, ␤-, and ␥-subunits of Enac and Cftr), transporters (Dra, Ae1, Nkcc1, Kcc1, and Nhe3), and the Na ϩ /H ϩ exchanger (NHE) regulatory factor (Nherf1) in rat colonic mucosa. Furthermore, we investigated temporal changes in the spatial localization of the clock genes Per1, Per2, and Bmal1 and the genes encoding ion transporters and channels along the crypt axis. In rats fed ad libitum, the expression of Atp1a1, ␥Enac, Dra, Ae1, Nhe3, and Nherf1 showed circadian variation with maximal expression at circadian time 12, i.e., at the beginning of the subjective night. The peak ␥Enac expression coincided with the rise in plasma aldosterone. Restricted feeding phase advanced the expression of Dra, Ae1, Nherf, and ␥Enac and decreased expression of Atp1a1. The genes Atp1b1, Cftr, ␣Enac, ␤Enac, Nkcc1, and Kcc1 did not show any diurnal variations in mRNA levels. A low-salt diet upregulated the expression of ␤Enac and ␥Enac during the subjective night but did not affect expression of ␣Enac. Similarly, colonic electrogenic Na ϩ transport was much higher during the subjective night than the subjective day. These findings indicate that the transporters and channels operating in NaCl absorption undergo diurnal regulation and suggest a role of an intestinal clock in the coordination of colonic NaCl absorption. rhythm; intestinal transport; transporters; channels VARIOUS FUNCTIONS OF THE INTESTINE such as motility, epithelial cell proliferation, digestion, and transport exhibit diurnal activities (9, 13, 30) . Several transporters involved in absorption of carbohydrates and small peptides exhibit robust circadian fluctuations that seem to be regulated by two pathways. The first pathway involves food intake and is mediated by gut luminal signals, whereas the second one involves systemic entrainment pathways (21, 22, 35, 40) . In addition to nutrient absorption in the small intestine, the colonic absorption of some electrolytes and volatile fatty acids (5, 41, 42) and some intestinal secretory activity (4, 31, 32) exhibit diurnal rhythmicity.
VARIOUS FUNCTIONS OF THE INTESTINE such as motility, epithelial cell proliferation, digestion, and transport exhibit diurnal activities (9, 13, 30) . Several transporters involved in absorption of carbohydrates and small peptides exhibit robust circadian fluctuations that seem to be regulated by two pathways. The first pathway involves food intake and is mediated by gut luminal signals, whereas the second one involves systemic entrainment pathways (21, 22, 35, 40) . In addition to nutrient absorption in the small intestine, the colonic absorption of some electrolytes and volatile fatty acids (5, 41, 42) and some intestinal secretory activity (4, 31, 32) exhibit diurnal rhythmicity.
Functional circadian clocks operate in both the small (6, 23, 25) and large intestine (10, 33, 24) . The molecular clock mechanism is based on interaction between transcription-based feedback loops. The transcription factors CLOCK and BMAL1 drive the transcription of Per, Cry, Rev-erb␣, and Ror␣ clock genes by binding CLOCK/BMAL1 heterodimer to an E-box element present in the promoter region of these genes (39) .
Simultaneously, the heterodimer CLOCK/BMAL1 activates transcription of clock-controlled genes that also contain E-box in their promoter, and thus the circadian clockwork temporally regulates variations in physiological functions (18) . Recent studies indicate that circadian changes in the expression of epithelial transporters might be controlled by the core clock mechanism. This has been demonstrated for the Na ϩ /H ϩ exchanger NHE3, the peptide transporter PEPT1, and monosaccharide transporters SGLT1, GLUT2, and GLUT5 in the intestine (23, 28, 33) and for NHE3 and the ␣-subunit of the epithelial Na ϩ channel (ENaC) in the renal tubules (7, 27) . Approximately 3.7% of distal colonic genes are expressed rhythmically (11) . However, temporal variations in the expression of specific transporters have not been linked conclusively to their functional changes. Transport across the colonic epithelium is used to salvage water and NaCl as well as for active Cl Ϫ secretion (15) . Absorption of Na ϩ and Cl Ϫ is largely electroneutral and predominantly reflects the activity of two transporters, the Na ϩ /H ϩ exchanger NHE3 and the Cl Ϫ /HCO 3 Ϫ exchanger DRA, which is the major colonic apical Cl Ϫ /HCO 3 Ϫ exchanger. These transporters are driven by the basolateral Na ϩ -K ϩ -ATPase (sodium pump). In the rat distal colon, some data indicate another distinct and separate Cl Ϫ /HCO 3 Ϫ exchange process that is facilitated by the transporter AE1 that encodes the anion exchange of the surface colonocytes (26) . Apart from electroneutral Na ϩ absorption via NHE3, the distal colon is also able to express electrogenic Na ϩ absorption via ENaC. This channel consists of three homologous subunits (␣, ␤, and ␥), two of which, ␤ and ␥, are regulated by aldosterone (16) . Similarly to glucocorticoids, plasma aldosterone levels exhibit circadian fluctuations (8) . Therefore, the rhythmical changes in aldosterone levels might drive changes in expression of these transporters. Alternatively, the transcripts might be directly controlled by the core clockwork in the colonic mucosa because recent data have indicated that transcription of genes encoding NHE3 and ␣ENaC may be regulated directly by clock genes (7, 27) . In contrast to absorption, colonic electrolyte secretion is a process that is driven by active Cl Ϫ transport via the apical cystic fibrosis transmembrane regulator (CFTR), a Cl Ϫ channel, and the basolateral Na ϩ -2Cl Ϫ -K ϩ cotransporter NKCC1, which is energized by coupling with the sodium pump (16) . Recent gene expression analyses identified circadian changes in the transcripts of several genes encoding transporters and associated proteins, particularly CFTR, the ␣-and ␤-subunits of the sodium pump, and the NHE regulatory factor scaffold protein NHERF1 (11, 12) , which is functionally coupled to DRA, NHE3, or ENaC (15, 16) . However, none of these changes has been directly correlated with intestinal ion absorption and secretion. Therefore, we investigated the temporal regulation of transcription of genes involved in colonic absorption and secretion and elucidated the potential involvement of the circadian clock in transcription regulation.
MATERIALS AND METHODS
Animals. Ten-week-old Wistar male rats (Bio Test, Konárovice, Czech Republic) were housed under a light-dark cycle with 12 h of light and 12 h of darkness (lights on at 0600 and lights off at 1800) with a temperature of 23 Ϯ 2°C for 4 wk. Unless otherwise specified, the rats had free access to standard rat chow and water. On the day of the experiment, the lights were not turned on at the usual time, and the animals were released into constant darkness. The time that the lights were previously turned on was defined as circadian time 0 (CT0) and time the lights previously turned off as CT12. Animals were killed at 4-h intervals (n ϭ 4/time point) by decapitation under deep anesthesia (ip injection of 50 mg/kg body wt thiopental). The colon was removed, and the colonic mucosa was either scraped and immediately placed in RNAlater (Sigma-Aldrich, St. Louis, MO) for subsequent RNA isolation or fresh-frozen for colonic crypt microdissection. One group of rats was subjected to restricted feeding; the rats were given food for 6 h during the daytime starting 3 h after CT0 for 14 days. Thereafter, the rats were released into constant darkness and sampled as described. In separate experiments, the rats were fed a low-salt diet (mean dietary Na ϩ intake 0.75 mmol Na ϩ ·kg body wt Ϫ1 ·day Ϫ1 ) or a standard diet (6.7 mmol Na ϩ ·kg body wt Ϫ1 ·day Ϫ1 ) for 7 days (20) , and the mucosa samples of the Na ϩ -depleted group as well as the control group were collected at CT4 (early subjective day) and CT16 (early subjective night) (n ϭ 6). Besides the mucosa collection, serum was also collected to determinate aldosterone levels via a 125 I-labeled aldosterone radioimmunoassay (Immunotech, Prague, Czech Republic). The experiments were conducted in accordance with the Principles of Laboratory Animal Care and were approved by the Institutional Animal Care and Use Committee.
Laser capture microdissection. Each excised rat colon was longitudinally cut, and a 1-cm-long sample was mounted in optimumcutting temperature substance (Sakura, Torrance, CA) and immediately frozen in liquid nitrogen. Frozen 8-m-thick sections were prepared for microdissection on a cryostat (Leica Microsystems CM 3000, Wetzlar, Germany) as previously described (38) . Briefly, the sections were placed on polyethylene naphthalate membrane slides and immediately fixed in frozen 96% ethanol. Water-free staining was performed in 2% cresyl violet acetate in 96% ethanol for 1 min followed by three ethanol washes, each of 1 min. After ethanol evaporation, samples were processed using a LMD6000 laser capture microdissection system (Leica Microsystems). The total area (ϳ0.2 mm 2 ) of the crypt base (defined as lower 1/3 of crypt length) and crypt mouth (defined as upper 1/3 of crypt length, including the surface epithelium) were excised using a laser beam, collected in a tube with 70 l of lysis buffer (RNeasy Micro Kit; Qiagen, Hilden, Germany), homogenized by vortexing for 30 s, and stored in Ϫ80°C until RNA isolation.
RNA extraction and quantitative real-time PCR. For macrosamples obtained by mucosal scraping, the tissue was homogenized using MagnaLyser Green Beads (Roche Diagnostics, Mannheim, Germany), and the total RNA was isolated using a GeneElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and reverse-transcribed with an ImProm II Reverse Transcription System (Promega, Madison, WI). For microdissected tissues, the total RNA was isolated using the RNeasy Micro Kit (Qiagen) according to the manufacturer's recommendations, including an on-column DNase I digestion. First-strand cDNA was subsequently prepared in a total volume of 20 l using Sensiscript Reverse Transcriptase (Qiagen) according to the manufacturer's protocol. The resulting cDNAs were used as templates for PCR. Quantitative PCR was performed on the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, CA) using TaqMan Gene Expression Master Mix and premade TaqMan Assays (Applied Biosystems) specific to the rat gene Slc9a3 (hereafter referred to as Nhe3) (catalog no. Rn00561944_m1), to Scnn1a (hereafter ␣Enac) (catalog no. Rn00580652_m1), Scnn1b (hereafter ␤Enac) (catalog no. Rn00561892_m1), Scnn1g (hereafter ␥Enac) (catalog no. Rn00566891_m1), Slc26a3 (hereafter Dra) (catalog no. Rn00709709_m1), Slc4a1 (hereafter Ae1) (catalog no. Rn00561909_m1), Atp1a1 (catalog no. Rn01533986_m1), Atp1b1 (catalog no. Rn00565405_ m1), Slc9a3r1 (hereafter Nherf1) (catalog no. Rn00572154_m1), Slc12a2 (hereafter Nkcc1) (catalog no. Rn00582505_m1), Slc12a4 (hereafter Kcc1) (catalog no. Rn00570248_m1), and Cftr (catalog no. Rn01455968_m1) and for housekeeping genes Gapdh (catalog no. 4352338E), B2m (catalog no. Rn00560865_m1), and 18S rRNA (catalog no. 4319413E). Expression values were obtained from the cycle threshold values detected by the Applied Biosystems analysis software and the calibration curve method. The data were normalized to a factor calculated as the geometric mean of the relative mRNA concentrations of three housekeeping genes (Gapdh, B2m, and 18S rRNA). Clock gene expression was measured using primers as previously described (33) and SYBR Green I (LC480 SYBR Green I Master Mix; Roche) on a LC 480 System (Roche).
Ussing chamber experiments. The rats were killed, and the distal colon was dissected, rinsed to remove its contents, opened along the mesenteric border, and partially stripped. The colonic segment just above the pelvic brim and the lymph node was mounted in modified Ussing chambers containing Krebs-Ringer solution (composition in mM: 140.5 Na
.5 L-glutamine, and 0.5 ␤-hydroxybutyrate), gassed with carbogen (95% O2 ϩ 5% CO 2) , and kept at 37°C. After an equilibration period of 15 min (10 min in open-circuit mode and 5 min in voltage-clamp mode), the tissue response to mucosal amiloride (10 Ϫ5 M) was recorded by a computer-controlled voltage clamp. Amiloride is a potent inhibitor of ENaC, a protein that represents the rate-limiting step during electrogenic Na ϩ absorption (16) . Net active ion transport across the epithelium and its amiloride-sensitive fraction were measured as a shortcircuit current (SCC, expressed as A/cm 2 ) in voltage-clamp mode in which the spontaneous potential difference was maintained at 0 mV. In addition to SCC, potential difference and tissue resistance were recorded at a sampling frequency of 1 Hz, and the data were processed using Excel and Statistica softwares.
Statistical analysis. Data are presented as means Ϯ SE. To test for the effect of time on the expression profiles of the individual transporters and channels, statistical analyses were carried out with oneway ANOVA, which was followed by a Fisher's least-significance difference (LSD) test. To evaluate rhythmicity in gene expression, the cosinor analyses were further performed by fitting the period cosine function to the expression values of the genes using the formula f(t) ϭ M ϩ A·cos(2t/T Ϫ /T), where t represents time, M is the estimate of the mean of the oscillation, A is the amplitude of the cosine wave, T is the fixed period 24 h, and is the time at which the peak of the rhythm occurs. Simple rearrangement of this model using trigonometric identities gave a linear model that was fitted using multiple linear regression, and the coefficient of determination (R 2 ) and the P value corresponding to the non-null amplitude of the rhythm were calculated. Rhythms were considered to be present when ANOVA revealed a significant effect of time, at the same time the maximum and minimum values were clustered into two separate time intervals and the cosinor analysis revealed periodicity of the data. Two-way ANOVA (normal feeding/reverse feeding ϫ circadian time) was used to examine the overall main effect of meal timing and interaction of time of day and meal timing on circadian variations in gene expression. The LSD test was used to evaluate differences between time points where appropriate. Two-way ANOVA was also used to identify the differences in gene expression along the crypt axis (crypt mouth/ crypt base ϫ circadian time) and the effect of dietary salt intake (low-salt diet/standard diet ϫ circadian time) followed by the LSD test. Student's t-test was used to compare the levels of transcripts expressed only in the crypt mouth and surface colonocytes. All calculations were performed using Statistica 6.1 software (StatSoft, Tulsa, OK), and values of P Ͻ 0.05 were considered significant.
RESULTS

Daily profiles of expression of ion transporter and channel genes in the colonic mucosa.
To determine whether the mRNA expression of colonic ion transporters and channels underwent diurnal rhythms in expression, we performed real-time RT-PCR in colonic RNA samples from rats fed ad libitum. As shown in Fig. 1 , we detected a significant effect of time (ANOVA) on expression of the genes that encode electroneutral NaCl absorption, including Dra (P Ͻ 0.01), Nhe3 (P Ͻ 0.05), and Ae1 (P Ͻ 0.001), which are important for apical Na ϩ and Cl Ϫ absorption, and Atp1a1 (P Ͻ 0.001), a catalytic subunit of the Na ϩ pump that plays a key role in basolateral Na ϩ extrusion and generates the driving force for secondary active transport across the apical membrane. Cosinor analyses confirmed a significant circadian rhythmicity for all of these genes (Dra: R 2 ϭ 0.43, P Ͻ 0.001; Nhe3: R 2 ϭ 0.28, P Ͻ 0.001; Ae1: R 2 ϭ 0.28, P Ͻ 0.01; and Atp1a1: R 2 ϭ 0.49, P Ͻ 0.001). The transcript levels were low throughout the subjective day (CT0 -CT8) and increased significantly at CT12. Thereafter, they declined either rapidly or gradually during the subjective night. The first significant rise of Dra, Nhe3, and Atp1a1 occurred at CT8 [vs. CT4, P Ͻ 0.05 (Dra, Atp1a1) or P Ͻ 0.01 (Nhe3)] and continued for the next 12, 8, and 16 h, respectively. The rise of Ae1 transcript was observed only at CT12 (vs. CT8, P Ͻ 0.01). In addition, the expression of Nherf1 showed a diurnal rhythm (ANOVA: P Ͻ 0.001; cosinor analysis: R 2 ϭ 0.28, P Ͻ 0.01) that resembled the expression profile of Nhe3. The first significant rise of Nherf1 transcript was found at CT12 (vs. CT8, P Ͻ 0.01) and continued for the next 8 h. Surprisingly, in addition to the diurnal variations of transporters in the electroneutral NaCl absorptive pathway, we found the diurnal rhythm in the expression of ␥Enac (ANOVA: Fig. 1 . Daily profiles of mRNA expression of ion transporters and channels operating in colonic NaCl and KCl absorption and NaCl secretion. Transcription levels of Cl Ϫ /HCO 3 Ϫ exchangers (Dra, Ae1), Na ϩ /H ϩ exchanger (Nhe3) and its regulator (Nherf1), ␣-, ␤-, and ␥-subunits of the epithelial Na ϩ channel (␣Enac, ␤Enac, and ␥Enac), ␣-and ␤-subunits of the Na
, and Na ϩ -K ϩ -Cl Ϫ cotransporter (Nkcc1) were determined using quantitative RT-PCR, and the normalized values were converted to a percentage of the maximum level for each transcript. The rats were maintained under a 12:12-h light-dark schedule, and, on the day of sampling, they were released into constant darkness. The points represent means Ϯ SE (4 -5 animals for each time point). The rhythmicity of the genes was analyzed by a cosinor analysis, 1-way ANOVA, and post hoc least-significant difference (LSD) test (for further details, see the text). CT, circadian time. P Ͻ 0.01; cosinor analysis: R 2 ϭ 0.26, P Ͻ 0.05; the first significant rise at CT12 vs. CT8, P Ͻ 0.05), which encodes the regulatory and rate-limiting subunit of ENaC and the colonic electrogenic Na ϩ absorption (2, 36) . In contrast, the expression of ␣Enac, ␤Enac, and Atp1b1, the noncatalytic subunit of the sodium pump, did not show any significant circadian rhythmicity. Similarly, the expression of Kcc1, which encodes the basolateral KCC1 contransporter and is a widely expressed transporter of KCl absorption also found in the rat colon (29), did not show any clear diurnal variation. The genes for colonic Cl Ϫ secretion (Nkcc1, Cftr) also did not display a significant 24-h rhythm but instead appeared to have an ultradian rhythm with an ϳ12-h period.
Effects of a restricted feeding regime on gene expression for NaCl absorption in colonic mucosa of rats. A restricted feeding schedule shifts expression profiles of clock genes in the rat colon (33) . Here, we tested whether the expression profiles of genes involved in colonic NaCl absorption shift accordingly. As shown in Fig. 2 , the meal timing significantly altered the expression of genes encoding transporters and channels of NaCl absorption as was evidenced by the main effect of feeding regime and/or the interaction between circadian time and feeding regime in two-way ANOVA. This ANOVA revealed statistically significant effects of the feeding regime for ␥Enac (P Ͻ 0.05), Atp1a1 (P Ͻ 0.001), and Nherf1 (P Ͻ 0.001) and the interaction between the feeding regime and circadian time for Ae1 (P Ͻ 0.01), Dra (P Ͻ 0.001), ␥Enac (P Ͻ 0.05), and Nherf1 (P Ͻ 0.05). Rats on a restricted feeding regime had increased expression of Dra at CT4 but decreased expression at CT20, increased expression of Ae1 at CT4 but decreased expression at CT 12, and increased expression of ␥Enac at CT4 and CT8 and increased expression of Nherf1 at CT4 and CT8. In addition, restricted feeding significantly diminished the amplitude of Atp1a1 expression (data not shown). Even if the effect of restricted feeding was significant only in ␥Enac, Atp1a1, and Nherf1, the significant interaction between the variables suggests there are differences between the profiles of rats kept on ad libitum and restricted feeding conditions. The restricted feeding regime phase-advanced the rhythm of Ae1, Dra, and Nherf1 expression, decreased the amplitude of Atp1a1 expression, and abolished the rhythm of ␥Enac expression.
Spatial localization of clock gene expression profiles along the colonic crypt axis. To determine whether the phase of the clock gene expression profiles differs in cells along the crypt axis, we measured the expression of Bmal1, Per1, and Per2 in populations of cells in the crypt base and mouth. This revealed that the crypt base, containing proliferating undifferentiated colonocytes, and the crypt mouth, containing fully differentiated transport colonocytes, both possess a circadian timing system characterized by robust oscillation in clock gene expression. These rhythms were in phase in both compartments (Fig. 3) , but the levels of Per1 mRNA were higher and Per2 mRNA lower in the differentiated vs. the undifferentiated colonocytes. The peak expression of Per1 was at CT12 and that of Per2 at CT16, whereas that of Bmal1 was not until approximately CT24. These rhythms do not differ from the rhythms described previously for the colonic mucosa (33) .
Spatial localization of day/night variation in the expression of ion transporter and channel genes along the crypt axis. Distribution of gene expression is not homogenous along the crypt axis (1). The properties of the colonic crypt cells also vary along the crypt axis, e.g., during the process of cell migration associated with cell differentiation (3). To elucidate diurnal changes in the gene expression along the crypt axis, we compared mRNA abundance of the transporters and channels along the axis at CT4 and CT16 (Fig. 4) . In contrast to clock genes, expression of genes involved in ion transport differed along the crypt axis. Expression of Dra, Nhe3, and ␥Enac was detected only in the surface colonocytes, whereas expression of Cftr and Atp1a1 was significantly higher in the crypt base than in the crypt mouth, and expression of Nherf1 was significantly higher in the crypt mouth than in the crypt base (all transcripts P Ͻ 0.01). The analysis of the laser-microdissected specimens Fig. 2 . The effect of restricted feeding on the daily profiles of gene expression for Dra, Ae1, ␥Enac, Atp1a1, and Nherf1. Rats were subjected to a 12:12-h light-dark schedule, fed ad libitum (OE), or exposed to a restricted feeding regime () from CT3 to CT9 for 14 days, and, on the day of sampling, they were released into constant darkness. Data are expressed as a percentage of the maximum values and represent means Ϯ SE (4 animals for each time point). Significant differences between normal and restricted feeding are indicated by *P Ͻ 0.05 or # P Ͻ 0.01.
mostly confirmed the data from the mucosal scrapings; the genes of NaCl absorption had a higher expression during the subjective night than during the subjective day [Dra (P Ͻ 0.01), Nhe3 (tendency), ␥Enac (P Ͻ 0.01), Nherf1 (P Ͻ 0.01), and Atp1a1 (tendency)]. The expression of Ae1 in the microsamples could not be determined because it was too low to quantify. Taken together, the laser microdissection data support the presence of diurnal variations of NaCl absorption in rat colon.
Role of aldosterone in diurnal variations of ENaC expression.
To reveal any relationships between the diurnal regulation of ENaC gene expression (Fig. 1 ) and aldosterone levels, we 1) determined the daily profile of plasma aldosterone and 2) compared the profile with the expression of Enac subunits and the clock genes Bmal1 and Per1. We found that aldosterone plasma levels exhibited circadian rhythm with a sharp peak at CT12; the plasma levels were minimal during the early subjective day and late subjective night (Fig. 5) . The increased level of aldosterone was thus correlated with the peak of ␥Enac expression (Fig. 1) . The correlation indicates that aldosterone can likely affect gene transcription depending on circadian time. In view of the fact that ENaC determines electrogenic Na ϩ transport and this transport pathway is activated by hyperaldosteronism, we further evaluated whether diurnal changes in the expression of the genes encoding the ENaC subunits were also present when plasma levels of aldosterone were elevated due to the low-salt diet. The secondary hyperaldosteronism induced by a low-salt diet was associated with upregulation of Na ϩ channel transcripts (Fig. 6) . The low-salt diet increased the expression of ␤Enac (P Ͻ 0.001) and ␥Enac (P Ͻ 0.001) without any significant effect on ␣Enac, and the levels of expression were affected by the time of day (␥Enac, P Ͻ 0.01; ␤Enac, P Ͻ 0.001); significantly higher values were found at CT16 (Fig. 6) . Dietary sodium intake significantly influenced expression of the clock gene Per1 (P Ͻ 0.05) but not Bmal1 (Fig. 6 ). On the low-salt diet, Per1 mRNA was elevated significantly at CT4, and the level was not statistically different from CT16. In contrast, colonic Fig. 3 . Temporal expression profiles of clock genes Per1, Per2, and Bmal1 in colonocytes of crypt base () and crypt mouth (OE). The rats were maintained under a 12:12-h light-dark schedule, and, on the day of sampling, they were released into constant darkness. Transcript levels were determined using quantitative RT-PCR of laser-microdissected samples, and the normalized values were converted to a percentage of the maximum level for each transcript. Data are expressed as a percentage of the maximum values found in the crypt mouth/surface colonocytes and represent means Ϯ SE (4 animals for each time point). The rhythmicity of the genes was analyzed by 2-way ANOVA, which showed significant effects of time for all three genes (P Ͻ 0.001) and that position along the crypt axis affected the expression of Per1 and Per2 (P Ͻ 0.001). Individual differences were calculated by the post hoc LSD test; significant differences between crypt base and crypt mouth are indicated by *P Ͻ 0.05 or # P Ͻ 0.01. Bmal1 mRNA exhibited the expected diurnal changes, with levels being higher at CT4 and lower at CT16 (Fig. 6) .
Diurnal changes in electrogenic Na ϩ transport. The purpose of this experiment was to assess whether diurnal variations in the expression of ␤-and ␥-subunits of Enac, the genes that encode the limiting proteins for electrogenic Na ϩ absorption, were functionally related to Na ϩ transport. ENaC-mediated electrogenic Na ϩ absorption determined as the amiloridesensitive SCC was measured in rats maintained on standard or low-salt diets, and the electrophysiological characteristics of the colon are shown in Table 1 . As expected, SCC and its sensitivity to amiloride were increased significantly on the low-salt diet. Figure 7 shows the time course of the changes of amiloride-sensitive SCC in rats kept on standard and low-salt diets at two times of the day, CT4 and CT16. It is obvious that amiloride-sensitive SCC (activity of ENaC) was much greater at the beginning of the subjective night (CT16) than early in the subjective day (CT4), but this effect was observed only during secondary hyperaldosteronism.
DISCUSSION
The major functions of the colon are the absorption and secretion of both ions and fluid, which are driven by the transcellular active transport of Na ϩ and Cl Ϫ , respectively. Previously, we demonstrated that the expression of Nhe3 exhibits circadian variation in the colonic mucosa (33) . In this study, we provide further evidence for the circadian regulation of other critical transporters and channels participating in NaCl absorption. The circadian rhythmicity in the expression of Nhe3, Dra, Nherf1, Ae1, and Atp1a1 is likely due to the operation of a circadian clock in the colonic epithelial cells. Moreover, the correlation in peak levels between plasma aldosterone and ␥Enac transcript suggests that aldosterone might play a role in the temporal regulation of ␥Enac.
Microarray gene studies have revealed that, in peripheral tissues such as colon, liver, heart, and kidney, 4 -9% of all genes exhibit circadian rhythms (11, 12, 37) . Furthermore, diurnal rhythmicity in intestinal transport has been documented previously in the small intestine, but only a few studies have addressed this issue in the large intestine (5, 41), although functional circadian clocks have been delineated in both the small (6, 23, 25) and large (10, 24, 33) intestine. In addition, our data show that canonical clock genes are expressed rhythmically in crypt compartments containing proliferating undifferentiated colonocytes, and the rhythm is in the same phase as in cells that differentiate and migrate along the crypt axes. Hence, it is conceivable that the expression of transporters and channels that are limiting factors of NaCl absorption might be under the control of clock genes.
Previous reports showed that several epithelial transporters are directly regulated by clock or by clock-controlled genes. The circadian variations of renal Nhe3 are regulated by the CLOCK/BMAL1 heterodimer via the E-box sequence (27) , Fig. 5 . Daily profile of plasma levels of aldosterone in rats kept on a standard diet. The rats were maintained under a 12:12-h light-dark schedule, and, on the day of sampling, they were released into constant darkness. CT0 corresponds to time of previous lights on. Each time point represents the mean Ϯ SE (4 animals for each time point). *Significantly different from the lowest value (P Ͻ 0.01). Fig. 6 . Effect of low-salt diet (secondary hyperaldosteronism) on the diurnal changes in the plasma level of aldosterone and in expression of clock genes Per1 and Bmal1 and genes encoding subunits of epithelial Na ϩ channels (␣Enac, ␤Enac, and ␥Enac). Rats fed a low-salt diet were maintained under a 12:12-h light-dark schedule, and, on the day of sampling, they were released into constant darkness. CT4 corresponds to 4 h after the previous lights on and CT16 to 4 h after lights off. Blood plasma and colonic mucosa were isolated at CT4 (open bars) and CT16 (closed bars) for subsequent radioimmunoassay of plasma aldosterone and quantitative RT-PCR analyses. The gene expression levels are presented as a percentage of the morning (CT4) levels reached on the standard diet. The values are means Ϯ SE (4 -5 animals). *Significant difference between CT4 and CT16 in animals kept on the same diet; # significant difference between animals kept on standard and low-salt diets at the same time of day, as established by 2-way ANOVA and post hoc LSD test (* ,# P Ͻ 0.05 and ** ,## P Ͻ 0.01).
and the circadian expression of genes for Mdr1 (multidrug resistance 1), one of the ATP/binding cassette xenobiotic transporters, and Pept1, the intestinal H ϩ -peptide cotransporter 1, is regulated by the clock-controlled gene Dbp (17, 28) . Dbp is an E-box-regulated clock-controlled transcription factor that temporally controls expression of other genes by binding the D-element of their promoter. Studies of genetically modified animals with deregulated circadian clocks give evidence that the circadian clock plays a role in the regulation of intestinal transport functions. Cry1/2 double-knockout mice have severely blunted expression of NHE3 mRNA (27) . Clock gene mutant mice showed the disrupted circadian expression of Mdr1 (17) , the intestinal absorption of glucose and peptides, and expression of the genes encoding the transporters SGLT1, GLUT5, GLUT2, and PEPT1 participating in this absorption (23) . Interestingly, clock knockout mice and mice devoid of the clock-controlled transcriptional factors dbp/hlf/tef exhibit changes in expression of renal regulators of water and sodium balance, dysregulation of Na ϩ excretion, and significant changes in blood pressure (44) . Consistent with this finding, the Per1 gene was recently shown to play a role in the regulation of renal ␣ENaC, a regulatory subunit of ENaC in renal tubules (7) . We propose, therefore, that the circadian rhythms of NaCl absorption genes might be controlled by intestinal clock genes, although definitive evidence will need to come from further studies. Because Na ϩ transporters and channels are involved in bulk NaCl processes, the anticipative mechanism for activation of NaCl absorption may be of special functional importance in the intestine.
To further support the hypothesis of the putative role of a colonic circadian clock in regulating Dra, Ae1, ␥Enac, Atp1a1, and Nherf1, we analyzed the rat genome sequences for possible E-box motifs in the region upstream of the transcriptional start site. Such regulation has been identified recently for Nhe3 (27) . Our search revealed the presence of a putative E-box for ␥Enac and Dra in the regions 1,525 and 4,930 bp upstream of the transcription start site, respectively. Although we were not able to find an E-box in other rhythmic genes (Ae1, Atp1a1, and Nherf1) in the flanking region of the transcriptional starting site, we cannot exclude transcriptional regulation of these genes via other clock-controlled genes or other elements of circadian transcription such as RORE and D-box (43) . The majority of genes associated with NaCl absorption shows peak expression at the beginning of the dark cycle and are thus in phase with the Per1 and Per2 genes. These findings suggest transcriptional activation by the CLOCK/BMAL1 heterodimer.
Restricted feeding during the day entrains peripheral clock gene expression in various tissues, including the gastrointestinal tract and liver, even if it does not reprogram the rhythm of the clock genes in suprachiasmatic nuclei (10, 33) . In our experiments, a similar phase shift was observed in the expression of genes for Ae1, Dra, ␥Enac, and Nherf1 (this study) as well as in Nhe3 (33) , which indicates that feeding time is a powerful regulator of the NaCl absorption pathway. Moreover, the finding that restricted feeding regime entrains rhythm in the expression of these transcripts similarly to the transcripts in clock gene expression (33) further supports the hypothesis that these colonic transporters and channels are under the temporal Data represent means Ϯ SE; n ϭ 5-6 rats in each group. PD0, potential difference; SCC0, short-circuit current; R0, transepithelial electrical resistance at the beginning of the experiment; ⌬SCC, amiloride-sensitive SCC; ⌬R, the change of R in the presence of amiloride; CT, circadian time. Significantly different from CT4: *P Ͻ 0.05 and # P Ͻ 0.01. Fig. 7 . Differential effect of amiloride on short-circuit current (SCC) in rat colons during the light and dark period. The animals were kept on a 12:12-h light-dark schedule and fed a standard or low-salt diet. On the day of the experiment, the rats were released into darkness, and short-circuit currents were measured at 2 time points corresponding to CT4 (4 h after the previous lights on) and CT16 (4 h after the previous lights off). Each average curve represents the mean Ϯ SE of 4 -6 original 270-s tracings, but, for simplicity, only every 10th point is displayed. Significant differences between diet and time of day were tested by repeated-measures ANOVA: low-salt diet, CT4 vs. low-salt diet CT16: P Ͻ 0.05; standard diet, CT16 vs. low-salt diet, CT16: P Ͻ 0.01.
control of the circadian clock. Indeed, the small intestine nutrient transporters cannot be reprogrammed by food in clock mutant mice (23) , but their expression is changed according to the restriction of the feeding time in wild-type animals (14, 28) . The physiological role of a gene product cannot be predicted solely based upon the abundance of its mRNA because changes in transcription may not always reflect functional properties of the transport pathway. This is the case for ENaC, the crucial component of electrogenic Na ϩ transport, which does not operate in the colon of rats fed diets with relatively high Na ϩ content (20) . Our data demonstrate that the circadian rhythmicity of transcripts for the regulatory ␥ENaC subunit in rats on standard diets is not associated with amiloride-sensitive SCC, i.e., with measurable electrogenic transepithelial Na ϩ transport via ENaC. This cyclicity may reflect either the activity of colonic clock genes or the circadian rhythm of plasma aldosterone. The changes in ENaC are traditionally regarded as the result of changes in aldosterone induced by the renin-angiotensin system in the kidney and not the result of local activity in the circadian system. However, an adrenal peripheral clock controlling the circadian rhythms of glucocorticoids has been described recently (34) . Glucocorticoids share a common biosynthetic pathway with aldosterone, which indicates that plasma aldosterone may, at least partially, also be regulated by an adrenal clock. Hence, the circadian rhythm in aldosterone levels might contribute to the circadian rhythmicity of ␥Enac presented in this report. It is also possible to speculate that this effect might be mediated via a circadian clock in the colon because in the kidney aldosterone stimulates renal expression of Per1, and this clock gene regulates the expression of ␣ENaC, the renal regulatory subunit of the Na ϩ channel (7). In agreement with this finding, our rats with secondary hyperaldosteronism exhibited significantly upregulated expression of Per1. These findings indicate that aldosterone-stimulated expression of Per1 might play a role not only in the regulation of the rate-limiting subunits of ENaC in renal tubules (␣ENaC) but also in colonocytes (␥ENaC), and that not only the canonical regulatory pathway via Sgk-1 but also other pathways may control ENaC expression during chronic aldosterone exposure. The circadian changes in colonic ␥Enac do not seem to have any implications for the circadian regulation of Na ϩ transport when the renin-angiotensin-aldosterone system is not activated. Previously, we found that severe Na ϩ depletion is necessary for the expression of functional ENaC channels in the apical membrane of epithelial cells transporting Na ϩ (19) and for the induction of colonic electrogenic amiloride-sensitive Na ϩ transport (20) . Recent findings demonstrate unequivocally the physiological relevance of circadian changes in the expression of Enac subunits/functional Na ϩ channels during secondary hyperaldosteronism when the reninangiotensin-aldosterone system is activated and plasma aldosterone levels are dramatically increased. Comparison of our data ( Fig. 5) with the findings of Hilfenhaus (8) shows that the circadian rhythmicity of plasma aldosterone does not differ between rats kept on standard or low-salt diets.
In conclusion, we found diurnal rhythms in the expression of genes encoding transporters and channels operating in colonic NaCl absorption and showed that they are in phase with colonic clock genes under both normal and restricted feeding conditions. This circadian system may enable the colon to anticipate changes in food or chyme entry into the colon. In contrast with NaCl absorption, the transporters and channels operating in colonic NaCl secretion do not show any significant 24-h rhythm. Overall, the involvement of the biological clock in NaCl absorption is of potential importance to further intestinal transport studies.
